Cadmium zinc telluride (CZT) detectors with linear counting rate response enable count subtraction in sequential scanning. We evaluated whether count subtraction eliminated the need for higher activity doses in the second part of the 1-d stress-rest myocardial perfusion imaging (MPI) protocol. Methods: For 50 patients (mean age 6 SD, 66 6 12 y) with visually abnormal (n 5 42) or equivocal (n 5 8) adenosine-stress MPI (320 MBq of 99m Tc-tetrofosmin) on a CZT camera, rest MPI was performed with a low dose (320 MBq) and repeated after injection of an additional 640 MBq of 99m Tc-tetrofosmin to achieve a standard 3-fold increased dose at rest (960 MBq), compared with stress (320 MBq). Low-dose rest myocardial perfusion images were reconstructed after subtracting the background activity of the preceding stress scan. Segmental percentage tracer uptake of the 2 rest myocardial perfusion images (320 vs. 960 MBq) was compared using intraclass correlation and Bland-Altman limits of agreement. Patient-and coronary territory-based clinical agreement was assessed. Results: The standard protocol revealed ischemia in 34 (68%) and a fixed defect in 8 (16%) patients, of whom 33 (97%) and 8 (100%) were correctly identified by lowdose MPI (clinical agreement, 98%). Segmental uptake correlated well between low-and standard-dose rest scans (r 5 0.94, P , 0.001; Bland-Altman limits of agreement, 211 to 111%). Defect extent was 14.4% (low-dose) versus 13.1% (standard-dose) at rest (P 5 not statistically significant) and 26.6% at stress (P , 0.001 vs. rest scans). Conclusion: These promising results suggest that accurate assessment of ischemic myocardial disease is feasible with a low-dose-low-dose 1-d SPECT MPI protocol using a CZT device.
Al though invasive coronary angiography is regarded as the standard of reference for anatomic coronary artery disease (CAD) evaluation, functional assessment of hemodynamic lesion severity is essential for targeted revascularization strategies (1, 2) . In this context, myocardial perfusion imaging (MPI) with SPECT is the most widely used and best established tool for functional CAD assessment, providing accurate diagnostic and prognostic information. Over the last 3 decades, there has been a 6-fold increase in the radiation dose from medical imaging delivered to the patient (3) . It is therefore conceivable that the radiation exposure experienced by patients undergoing any medical imaging procedure has recently gained growing attention and publicity (4) (5) (6) , increasing the search for options to reduce radiation dose in SPECT MPI while maintaining diagnostic image quality. Various approaches have been suggested, such as improvements in iterative reconstruction techniques (6) (7) (8) , dose-saving algorithms (9) , and stress-only protocols (10, 11) . The latter, however, are not helpful in many instances in which information on reversibility of a perfusion defect is mandatory for evidence-based therapeutic decision making. Although the 1-d protocol for MPI is the preferred protocol in many centers because of its convenience, so far one of its major disadvantages has been the need for a 2-to 3-fold increase in tracer activity for the second scan to avoid shine-through effects from the first scan.
Recently, a new g-camera generation with cadmiumzinc-telluride (CZT) detectors was introduced. The miniaturization of the semiconductors (12) has enabled a compact detector alignment, allowing the engineering of a circular and therefore stationary detector array, thus shortening the scan time substantially (13, 14) . Moreover, CZT detectors offer multiplied count sensitivity and provide a linear counting rate response. By contrast, conventional g-cameras equipped with sodium iodide scintillators and photomultiplier tubes suffer from significant dead-time losses and occasionally even detector paralysis, which accounts for their nonlinear response particularly at high counting rates (15) . A linear counting rate response, however, is an important prerequisite for accurate background activity subtraction and may therefore pave the way for sequential low-dose scanning in MPI. Therefore, the aim of the present study was to evaluate whether the use of CZT detector technology coupled with background activity subtraction eliminates the need for high-dose injections in the second part of a 1-d stress-rest MPI protocol.
MATERIALS AND METHODS

Patient Population
Fifty patients scheduled for a 1-d stress-rest SPECT MPI scan for suspected or known CAD were prospectively enrolled. Inclusion criteria were visually abnormal or equivocal stress MPI after iterative reconstruction with and without CT attenuation correction. Patients with unequivocally normal stress MPI were excluded from the present study. The study protocol was approved by the institutional ethics committee, and written informed consent was obtained from each study participant.
Study Protocol and MPI Acquisition
Patients were advised to refrain from theophylline or caffeinecontaining beverages for at least 12 h before the study. Pharmacologic stress was performed with adenosine infused at a rate of 140 mg/kg/min during 6 min, and a standard dose of 320 MBq of 99m Tc-tetrofosmin was injected 3 min into the pharmacologic stress. Approximately 60 min later, stress myocardial perfusion images were acquired on a hybrid SPECT/CT scanner (DNM/ CT 570c; GE Healthcare) integrating a CZT g-camera and a 64-slice CT device. Thereafter, electrocardiogram-gated rest MPI was performed as proposed by Giorgetti et al. (16) after administration of 320 MBq of 99m Tc-tetrofosmin and repeated after injection of an additional 640 MBq of 99m Tc-tetrofosmin in the same session to achieve a 3-fold increased total 99m Tc activity dose (i.e., 960 MBq) at rest, compared with stress MPI (320 MBq). All scans were acquired over 5 min in the SPECT part of the hybrid device, which is a g-camera with a pinhole collimator and 19 stationary detector modules positioned around the patient's chest as previously described (13, 15) . A schematic representation of the acquisition protocol is illustrated in Figure 1 .
MPI Reconstruction
All SPECT images were reconstructed using a commercially available dedicated software package (Myovation for Alcyone; GE Healthcare) with a new iterative algorithm based on integrated collimator geometry modeling, using maximum-penalized likelihood iterative reconstruction to obtain perfusion images in standard axes as previously reported (13) . In brief, 40 and 50 iterations of the algorithm were used for reconstruction of the stress and rest datasets, respectively. A Butterworth postprocessing filter was applied (cutoff frequency, 0.37 cycle/cm; order, 7) to the reconstructed slices. For attenuation correction, a prospectively triggered CT scan was acquired at inspiratory breath-hold (2.5-mm section thickness, 0.35-s gantry rotation time, 120 kV, and 200-250 mA, depending on the patient's size) and reconstructed as previously reported (17, 18) .
Subtraction of Background Activity
Background activity was subtracted from the low-dose rest examination using the commercially available PMOD software package (version 3.2, PCARD; PMOD Technologies Ltd.). To this end, the low-dose rest and stress MPI datasets were processed with the PMOD fusion tool as previously validated (19) . After a subtraction algorithm (rest low-dose minus stress) was applied, negative regional counts were set to zero. The resulting datasets were transferred to the Myovation for Alcyone software for further processing and image analysis.
SPECT Data Analysis
A perfusion polar map was displayed using a 17-segment model representation of the left ventricle (20) , and segmental uptake values (percentage of maximum uptake) as well as extent of perfusion abnormalities at stress and rest, including its reversibility, were calculated. A semiquantitative score (0-4) for severity of perfusion abnormalities was computed on the basis of segmental uptake values: uptake greater than 70% (score, 0), 50%-70% (score, 1), 49%-30% (score, 2), 29%-10% (score, 3), and less than 10% (score, 4). The summed rest scores (SRSs) were assessed from low-and standard-dose scans and were subtracted from the summed stress scores (SSSs). to obtain summed difference scores (SDSs). An SSS of 4 or more was considered abnormal, and an SDS of 2 or more was considered to represent clinically relevant ischemia (21) (22) (23) . In addition, segments 1, 2, 7, 8, 13, 14, and 17 were assigned to the left anterior descending territory; segments 3, 4, 9, 10, and 15 to the right coronary artery territory; and segments 5, 6, 11, 12, and 16 to the left circumflex territory to allow vessel-based comparison. Left ventricular (LV) volumes and ejection fraction were obtained using gated datasets reconstructed at 8 frames with the Quantitative Gated SPECT/Quantitative Perfusion SPECT software package (Cedars QGS/QPS; Cedars-Sinai Medical Center), which also provided the defect extent in percentage of LV myocardium. No subtraction was performed for the analysis of the gated dataset.
Torso Phantom Study
As preclinical validation, images were acquired using an anthropomorphic torso phantom (Radiologic Support Devices Inc.) with heart, lung, and liver inserts. The heart insert displays a volume of 238 mL and 284 mL, respectively, for myocardial wall and heart chambers. Two fillable defects were placed in the anteroseptal (30 mL) and inferolateral (13.5 mL) walls to simulate real perfusion abnormalities. The heart's radiotracer uptake at stress was estimated to account for 2% of the injected dose and 1% at rest. The heart-to-liver-to-background ratio was calculated according to Higley et al. and was 24:3:1 for the stress, 8:4.8:1 for the low-dose rest, and 6.7:7.6:1 for the standard-dose rest acquisitions (24) . Stress defect was simulated using fillable defects without radiotracer activity. Rest uptake in ischemic areas was assumed to be normal, and the defect volume was filled with diluted 99m Tc activity solution according to the rest activity provided (low-dose or standard). Serial acquisitions were performed to simulate a fixed inferolateral defect and a reversible anteroseptal defect under low-dose rest and standard-dose rest. An additional rest acquisition (rest only) with inferolateral defect but otherwise homogeneous activity was performed without preceding stress activity, to allow for the determination of the distribution of activity in the rest phantom without any shine-through effect from the preceding stress activity.
Statistical Analysis
All statistical evaluations were done using SPSS software (version 16 (25) . Paired data were compared with 2-tailed paired t test or Wilcoxon test as appropriate. Agreement rates on the clinical diagnosis between low-dose and standard-dose examinations were provided. A P value of less than 0.05 was considered statistically significant.
RESULTS
All 50 patients completed the stress and both rest imaging studies. The baseline characteristics of the study population are given in Table 1 .
Patient-Based Comparison
The SRSs for the low-dose rest and standard rest examination were 3.8 6 4.6 and 3.3 6 4.5, respectively (P 5 not statistically significant [NS]), whereas SSS was 7.5 6 4.9 (P , 0.001 vs. both SRSs). The standard protocol revealed ischemia in 34 (63%) and a fixed defect in 8 (16%) patients, of whom 33 (97%) and 8 (100%) were correctly identified by low-dose MPI. All 16 patients without ischemia on standard-dose rest examination also had no ischemia when using the low-dose rest examination, resulting in an overall clinical agreement rate of 98%. The only discordant result was found in a patient with an SSS of 12 in whom SDS was 1 in the low-dose examination and 2 in the standarddose examination.
The difference in SRS between low-dose and standarddose rest myocardial perfusion images ranged from 21 to 11 in 72% of the patients (Fig. 2) . In the stress myocardial perfusion image, the mean extent of perfusion abnormality was 26.6% overall and 33.4% in ischemic patients. In the resting myocardial perfusion image with low-dose and standard-dose examination, the mean extent of rest perfusion abnormalities was 14.4% versus 13.1% overall, amounting to 16.6% versus 15.4% in ischemic patients, respectively (P 5 NS). The examinations resulted in an extent of reversible perfusion abnormalities (i.e., extent of ischemia) of 12.2% versus 13.5% overall and 16.8% versus 18.0%, respectively (P 5 NS) (Fig. 3) . Without subtraction, lowdose results were significantly different from standard rest results, with an extent of rest perfusion abnormalities of 18% overall (P 5 0.004 vs. standard rest) and 20.6% in ischemic patients (P 5 0.005 vs. standard rest), resulting in a significant underestimation of the extent of ischemia both overall (8.6%) and in ischemic patients (12.8%) (both P , 0.005 vs. standard rest). Some illustrative cases of myocardial perfusion images obtained with low and standard doses are displayed in Figure 4 .
Coronary Territory-Based Comparison
On coronary territory analysis, 105 coronary territories showed no reversible defects, including 97 normal and 8 fixed defects, whereas ischemia was found in 45 territories by the standard protocol. Visual evaluation showed no image degradation in previously normal territories by stress MPI. Agreement within 1 point (21 to 11), between the low-and standard-dose protocols of the regional rest score, was 94% overall (Fig. 5) .
Segmental Uptake Values
The intraclass correlation for segmental tracer uptake values between low-dose and standard-dose rest was 0.94 (P , 0.001; 95% CI, 0.93-0.95) overall and 0.94 (P , 0.001; 95% CI, 0.92-0.95), 0.91 (P , 0.001; 95% CI, 0.89-0.93), and 0.95 (P , 0.001; 95% CI, 0.94-0.96) in the segments of the left anterior descending, left circumflex, and right coronary artery territories, respectively. In segments without stress perfusion defect, the correlation in segmental tracer uptake with low-dose and standard-dose rest scan was 0.85 (P , 0.001; 95% CI, 0.82-0.87). The mean difference in tracer uptake between low-and standard-dose rest was 20.7% 6 5.1% for all segments, 1.5 6 5.7 in segments with a score of 0, and 21.3 6 6.0 in segments with score of 1 or more. Bland-Altman limits of agreement were 29 to 111, 212 to 19, and 210 to 113, respectively (Supplemental Fig. 1 ; supplemental materials are available online only at http://jnm.snmjournals.org).
LV Volumes and Ejection Fraction
For the low-dose rest and standard rest examinations, ejection fraction was 56% 6 18% versus 55% 6 17%, enddiastolic volume was 95 6 50 versus 92 6 46 mL, and endsystolic volume was 48 6 45 versus 47 6 43 mL, respectively (P 5 NS for all comparisons). Intraclass correlation between low-dose and standard rest examination for ejection fraction, end-diastolic volume, and end-systolic volume were 0.98 (P , 0.001; 95% CI, 0.96-0.99), 0.97 (P , 0.001; 95% CI, 0.95-0.99), and 0.99 (P , 0.001; 95% CI, 0.98-0.98), respectively (Supplemental Fig. 2 ).
Torso Phantom Study
The rest-only phantom acquisition, simulating inferolateral defect without shine-through effect, also presented with a minimal apical-anteroseptal filling defect because of an inhomogeneity of the cardiac insert; this inhomogeneity was taken into consideration when interpreting subsequent acquisitions. Table 2 summarizes the scores of perfusion abnormalities obtained during the phantom study. Torso phantom reconstructions obtained from simulated stress, low-dose rest, and standard-dose rest scans are displayed in Supplemental Figure 3 .
DISCUSSION
The results of the present study demonstrate that the novel DNM/CT 570c camera (equipped with CZT detector tech- nology) allows accurate CAD assessment using a low-doselow-dose 1-d nuclear MPI protocol. Low-dose rest MPI provided clinical information equivalent to that from standard-dose rest MPI with regard to defect extent and severity. In conjunction with stress MPI, our protocol resulted in an excellent clinical agreement (98%) for myocardial ischemia evaluation, comparing well to the test-retest agreement reported in large trials (6, 26) . This agreement was maintained in a subgroup of 8 patients with borderline stress scans, in which minor differences in regional perfusion between low-dose and standard protocol may considerably affect the interpretation of the scan in favor of a normal or abnormal result. Furthermore, regional evaluation of ischemia revealed that the difference in regional scores between the standard-and the low-dose rest protocol did not exceed 2 (an appropriate cutoff value for clinical relevance) in any of the patients (19) . The results of the clinical study were corroborated by a phantom study showing comparable fixed and reversible perfusion defects as well as equivalent shinethrough from a previous scan when low-dose-low-dose or standard low-dose-high-dose simulations were performed. With regard to functional data, the novel low-dose-low-dose protocol, as compared with the standard protocol, also allows accurate assessment of LV volumes and ejection fraction. This is of great clinical importance not only because the LV function is a strong predictor of outcome but also because of the added value of wall motion analysis for discrimination of artifact from scar (27) .
The quasilinear counting rate response, a distinct feature of CZT detectors facilitated by their short dead-time, allows reliable subtraction of background activity from the lowdose rest images (15) . This characteristic avoids the necessity of injecting a high dose at rest to overcome background activity present from the initial stress injection. Because of the overaging of the general population-a consequence of ever-improving cardiovascular prevention and treatment strategies-an increasing number of CAD patients will undergo repeated noninvasive testing for treatment monitoring, particularly in the case of recurrent ischemia. It is in this context that the results of the present study may have a great clinical impact. First, the low-dose protocol reduces the total radiation dose to each patient per scan, a benefit that is multiplied in the case of repeated scanning during many years of follow-up. This scenario appears realistic for a disease such as CAD, because despite successful interventional treatment options, the underlying atherosclerotic process may be slowed but not eliminated. Indeed, this novel protocol reduces patient radiation exposure by half. Second, in view of the current worldwide shortage of 99 Mo, a low-dose-low-dose MPI SPECT protocol would contribute to important savings in 99m Tc and a more economical use of the tracer.
It may be perceived as a potential limitation of our study that the extent of reversibility in those patients with inducible ischemia was large. Nonetheless, we included 8 patients with equivocal perfusion defects to ascertain the effect of the low-dose-low-dose subtraction protocol on rather ambivalent interpretations. Although the clinical relevance of smaller, potentially equivocal perfusion defects is minor, our results indicate similar clinical performance of the low-dose-low-dose protocol compared with the standard protocol in patients with borderline findings. If confirmed by larger trials, including in normal patients and also using rest-stress protocol MPIs, the low-dose-low-dose protocol could help to reduce radiation exposure and improve patient throughput in diagnostic nuclear cardiac imaging centers.
Furthermore, the interval between the low-dose injection and the start of image acquisition was low in the present study. However, it has been recently shown that with an interval of 5 min between injection and acquisition, adequate images can be obtained (16) . Nevertheless, prolonging the delay may have further improved the image quality and, thus, would have further strengthened the results of the present study. Scores at stress and rest are SSS and SRS.
An additional potential limitation could arise from the stress-rest sequence of the 1-d protocol because in theory shine-through of the initial stress scan into the subsequent resting scan cannot be entirely excluded. However, as a systematic analysis of the stress-rest versus rest-stress sequence had not revealed any significant difference in accuracy in detecting ischemia (28) , the guidelines of the European Association of Nuclear Medicine (29) supports the stressrest sequence, which was used in the present study.
Finally, we did not compare the low-dose-low-dose protocol with invasive coronary angiography as standard of reference to determine the diagnostic performance for detecting CAD. Nonetheless, the excellent agreement with the standard protocol indicates that diagnostic performance will be in the range of previously published reports with standard SPECT MPI (30) .
CONCLUSION
Accurate assessment of ischemic myocardial disease is feasible with a low-dose-low-dose 1-d SPECT MPI protocol using background activity subtraction on a CZT scanner.
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